Introduction
Development and optimization of heterogeneous catalysts can nowadays rely on different strategies and combinations thereof -the recent high-througput experimentation approach may serve to scan wider parameter fields, while the traditional knowledge-based approach remains important to make the best from given systems or to identify new problems or parameters. The holy grail of knowledge-based catalyst development is the full understanding of a real catalyst, which includes the identification of the active sites for the reactions possible in the reaction environment, of methods to produce and manipulate them, the knowledge of the molecular reaction mechanisms proceeding on the active sites, and the kinetic modeling of these mechanisms (microkinetic models). The considerable progress made in this respect for some simple but important reactions such as ammonia synthesis over Fe or Ru catalysts [1] [2] [3] or methanol synthesis over Cu/ZnO/Al 2 O 3 catalysts [4] [5] [6] has been made possible by joint efforts of surface scientists, theoreticians, and catalysis experts. The crucial step in such cooperation is to bridge the gaps between model situations treated in surface science and theory and the extremely complex situation in real catalysis. For this, models have to be complicated and real catalysts must be simplified without losing characteristic features of the catalytic behavior, and the reaction atmospheres have to be converged starting from such diverse conditions as ultrahigh vacuum (surface science) and zero K (theory), and tens of bar and hundreds of K in real catalysis.
The complexity of most real catalysts even in simplified versions is an everlasting challenge to any effort for their structural characterization and for correlating structural with reactivity properties. In recent years, valuable insight into the role of catalyst components in the catalytic process has been achieved by spectroscopic measurements of the working catalysts under conditions where meaningful rate measurements were performed simultaneously ("in operando") [7] . Sample preparation has been described in detail in ref. [8] . In brief, 4 wt-% Au was deposited on TiO 2 (Evonik P25) by the traditional deposition-precipitation technique, where HAuCl 4 is initially neutralized and hydrolyzed before the support is added and the solvent water is gradually removed (here by filtration and freeze-drying). The catalyst was used without any further treatment. In particular, calcination which is known to produce Au nanoparticles was not performed. Characterization data presented below arise from the following states: "ini" -as made, after freeze drying; "COox" -after use for CO oxidation starting with a contact of the catalyst with feed (1 % CO, 20 % O 2 , balance He, 315000 ml g -1 s -1 ) at room temperature followed by two temperature-programmed reaction runs between 220 K and room temperature; "He_623K" -after treating the catalyst in He at 623 K for 1 h; "Air_623 K" -after treating the catalyst in synthetic air at 623 K, following the He_623 K procedure.
XAFS at the AuL III -edge (11918 eV) was measured at HASYLAB (Hamburg, Germany, X1
beamline, fluorescence mode) and at Alba (Barcelona, Spain, CLAESS beamline, transmission mode). Higher harmonics in the X-ray beam was excluded by either detuning the monochromator to 50% of maximum beam intensity (X1) or by using a Pt-coated toroid mirror (CLAESS). Spectra were measured at liquid nitrogen temperature (X1) to suppress thermal disorder or at room temperature (CLAESS) with self-supporting pellets wrapped in Kapton tape. Analysis of the EXAFS spectra was performed with the software VIPER for Windows [9] . With the near-edge (XANES) region, Principal Component and Target Transformation Analysis were performed using XANDA for Windows [9] . Spectra of the initial sample and the one after "He_623K" were employed as references for the "COox" state. The component contributions extracted from the XANES were used to reproduce the measured EXAFS spectra by linear combination of the (experimental) component spectra.
UHV-FTIR was measured with a novel ultrahigh vacuum (UHV, base pressure -2 x 10
-10 mbar) apparatus described elsewhere [10] . The Au/TiO 2 samples were first pressed on a gold-plated stainless steel grid and then mounted on a sample holder specially designed for FTIR transmission measurements under UHV and allowing for rapid heating and cooling of samples between 100 and 1000 K. Prior to each exposure, a spectrum of clean samples was used as a background reference. All UHV-FTIR spectra were collected with 1024 scans at a reso- For more experimental details the reader is referred to ref. [8] .
Results and discussion
The XAFS signature of the initial catalyst is reported in Figure 1 . From comparison with HAuCl 4 , a reference for Au(III), the XANES (Fig. 1a) shows the gold to be completely in the +3 oxidation state as expected. In the EXAFS (Fig. 1b) , no significant shell beyond the nearest Au-O coordination can be seen. This is usually interpreted as indicating the gold species to be atomically dispersed. Actually, however, it shows just that there is no order beyond the first coordination sphere. It excludes ordered Au oxide or hydroxide particles and also metallic particles, which had been detected as a byproduct when the deposition-preparation technique was used under other circumstances [11] .
In Figure 2a , the IR spectrum of CO adsorbed on this sample at 90 K is shown (spectrum a).
The weak signal at 2179 cm -1 arises from CO adsorbed on Ti 4+ sites [12] [13] [14] [15] . While XAFS clearly detected Au 3+ ions, there appears to be no indication for such state in the IR spectrum.
Only after a temperature increase to 110 K, which causes CO to desorb from Ti 4+ , the tailing of the disappearing signal turns out to contain a very small signal at 2160 cm -1 (spectrum a') arising from CO adsorbed on Au 3+ [16] . The ratio between the Ti 4+ and Au 3+ sites detected remains unknown due to lacking knowledge of extinction coefficients. The low intensity of the Au 3+ -related signal suggests that Au sites are still covered by remnants from the preparation process, probably water still being adsorbed after freeze drying. The sample was therefore briefly flashed to 500 K in vacuum. Spectrum a 500 obtained after repeated adsorption of CO is indeed completely different: there are now also intense signals at 2162 cm -1 and 2108 cm -1 . The latter is assigned to CO adsorbed at the rim sites between neutral Au 0 clusters (Au n 0 ) and TiO 2 [12, 13] . The significant intensity between these signals turns out to result from an additional species (positively charged metal clusters, Au n + [14] ): after desorption of CO from Au n 0 at 155 K its signal is visible as a shoulder at the slightly shifted CO/Au 3+ band at 2158 cm -1 band (spectrum a 500 '). Only relation to the XAFS results shows, however, that the sample has been changed by the treatment, because there was no Au 0 in the initial state.
Still, the experiment was valuable in proving the existence of adsorbates on most of the initial Au 3+ sites.
The morphology of the Au species in the initial catalyst was disclosed by electron microscopy, in particular STEM. The images in Figure 3 , row A show clearly that gold is not atomically dispersed although single atoms (ions) are indeed present (see encircled spots). More typical are, however, clusters with a disordered arrangement of the Au species. The clusters, which can be very different in size, seem to be rather two-dimensional patches on the TiO 2 surface. However, where they can be visualized from the side, it can be seen that many of them extend into the third dimension (Fig. 3 A1) . Although electron microscopy will never
completely escape the objection to analyze only small samples out of very large populations, these images show conclusively that the absence of higher shells in the Au L III EXAFS (Fig.   1b ) is due to disorder rather than to site isolation. On the other hand, XAFS was the only technique proving the absence of Au 0 in this sample. One might argue that zero-valent gold should be detected in STEM by its tendency to form ordered particles, but it will be shown below that this is not necessarily the case.
The spectral signatures obtained after using the catalyst for CO oxidation at temperatures ≤303 K are reported in Figures 1 and 2 , and typical STEM images are shown in Figure 3 , row B. A linear combination analysis of the XANES (Fig. 1a) showed that 87 % of the gold was still in the +3 oxidation state, i.e., the catalysts achieved their very high activities [8] with only a minority of Au species reduced to the metallic state. This was surprising because in catalysts prepared with a different kind of TiO 2 support via the same deposition-precipitation route, gold had been completely reduced under these conditions [11] . However, because all possible experimental artifacts (storage, exposure to light or X-rays) would rather increase than decrease the Au reduction degree, there can be no doubt about the reliability of this result. In the EXAFS, the Au-Au shell indicative of metallic gold (2.75 Å, uncorrected) was hardly discernible (Fig. 1b) , which suggests a very small size of the gold particles. Indeed, the spectrum can be nicely reproduced by superimposing the initial spectrum with the one obtained after He_623K, which arises from small particles (see below), in the 87/13 ratio.
The IR spectrum of adsorbed CO (Fig. 2b, spectrum (Fig. 3 B1) .
After the thermal treatment in He at 623 K, the XAFS results clearly show the complete reduction of gold. While the disappearance of the white line in the XANES (Fig. 1a) is no unambiguous proof for complete reduction (Au + has a weak white line as well), the conclusion is supported by the EXAFS (Fig. 1b) where the Au-O coordination, which is typical of cationic gold, is completely gone. Still, the metallic Au-Au coordination is very small in the EXAFS, and the model fit resulted in a coordination number (C.N.) of 8 [8] . With a spherical particle model, a particle size of 1.2-1.3 nm can be estimated from such C. N. according to a method described in ref. [17] . However, at such sizes, particles are most likely not spherical.
Moreover, EXAFS probably somewhat underestimates sizes of small supported particles, because the support introduces some static disorder near the interface, which is difficult to handle in ordinary model fits and tends to decrease the resulting C. N.
The IR spectra of CO adsorbed after He_623K (Fig. 2b) [8] shows particles of 2 nm rather than of 1 nm size. The remaining two STEM images in Fig. 3 C and other micrographs in [8] prove, however, that the actual situation is more complex: in between the aggregates, some of which are clearly larger than 2 nm (not shown), there are still disordered species, even occasionally individual atoms. Although the abundance of these structures is smaller than in the states discussed so far, they are by no means atypical. Unfortunately, the quantity of this disordered material is difficult to assess. One cannot strictly rule out that it is small enough to represent unconverted Au 3+ having escaped observation by XAFS and IR spectroscopy due to detection limits. We consider this unlikely and rather tend to assign it to Au 0 that has failed to join the next particles due to diffusion barriers existing on the polycrystalline anatase surface.
The EXAFS spectrum after Air_623K was recorded at a different station where the state after arises from interactions with O vacancies on which they are anchored [18] . When these defects become oxidized by the Air_623K treatment, individual atoms are less stabilized by the support and join larger (neutral) aggregates, which nicely explains the changes observed.
It may be interesting to study this aspect in more detail on a model TiO 2 surface.
The data reported so far provide nice examples for the merits and shortcomings of each method in the present situation. With respect to XAFS, its unique contributions were based rather on the XANES than on the EXAFS part because none of the other methods was able to identify the actual oxidation state of gold in total: while IR detects only sites that adsorb the probe (which is an advantage from another point of view) and remains qualitative as long as extinction coefficients are unknown, electron microscopy is blind for oxidation states. EXAFS supported the conclusions on well-defined oxidation states by the absence of significant AuAu 0 scattering in the initial state and of Au-O scattering after thermal treatments. However, the information on the population of the coordination sphere, which is usually considered the strong point of EXAFS, proved to be rather prone to misinterpretation as revealed by the TEM images. The reasons are clear: being an averaging technique, EXAFS provides average particle sizes, but does not indicate the width of the size distribution unless the latter is very broad. Therefore, the presence of atomically dispersed Au and of (a few) large particles after He_623K escaped detection. In addition, the intensity of a shell depends on the uniformity of distances between absorber and neighboring atoms. Static disorder within the shell decreases its scattering intensity and may result in its disappearance as encountered in the initial sample.
Despite concerns on statistical significance, electron microscopy is indispensable for any description of the morphology of samples. In our case, it saved from misinterpretation of XAFS data. However, after the recent advances in resolution, the question how to quantify the heterogeneity of samples has to be raised again. Except for the air-treated sample, the variety of shapes and sizes of Au clusters implies that one will have to go beyond simple particle size distributions. What was visualized by TEM as a rather homogeneous array of 2 nm particles (He_623 K, cf. Fig. S4 in [8] ) was revealed by HAADF-STEM to also contain disordered patches and single atoms in a significant quantity (Fig. 3C2, C3 , remaining micrographs in [8] ). The decision if the disordered Au species should have been detected by IR and XAFS in case they are Au cations depends on their quantity, which is difficult to assess from the electron microscopic images. The observation that Air_623K almost completely eliminated the disordered species as well as the CO/Au n + IR signal suggests, however, that both are correlated. Apparently, Au 0 may occur in disordered structures, and according to [18] , these species acquire a slightly positive charge by interaction with an oxygen vacancy of the TiO 2 13 surface. We therefore propose to identify the disordered Au patches in the reduced catalysts with the Au n + state.
IR with probe molecules has the unique potential to differentiate oxidation states of surface atoms, however, only as far as they adsorb the probe. The present case where the probe is the reactant as well is most favorable as it allowed us assigning CO oxidation detected at 90 K to the few Au 3+ sites exposed in the initial state (Fig. 2a, spectrum a' ). The CO probe was able to distinguish sites on neutral from sites on slightly charged Au 0 clusters (Au n 0 and Au n + ). None of the other methods was able to detect Au n + , and it is very doubtful if XPS, which may have contributed some of the information provided by XAFS in our study, could discriminate Au From the combination of the characterization data detailed here with data on CO conversion it was shown in ref. [8] that catalysis in the state after activation in the feed at 303 K ("COox") occurs on sites containing Au 3+ as long as the temperature remains well below 273 K. It could not be decided whether the Au 3+ cations require the assistance of coexisting Au 0 species for this, because it was impossible to compare the reactivity data in the flow system with the static data in the IR spectrometer at 90 K where Au 3+ definitely operated on its own. In the 220-260 K range, where CO adsorption on Au 3+ was proven by IR [8] , cancellation of the adsorption enthalpy with the true activation energy lead to ranges of very low, even negative activation energies (conversion plateaus). At higher temperatures, where Au 3+ can no longer bind CO, the conversion increased again, now obviously supported by Au n + sites. After He_623K, the conversion plateau disappeared, instead, usual S-shaped conversion curves were obtained [8] , obviously arising from the Au n + sites. After air_623K, both activity and Au n + IR signature were strongly decreased. One may wonder if the significant residual activity may be ascribed to the predominating neutral Au clusters. However, as the activation energy did not change [8] and Au n + was not completely destroyed (Fig. 2b, spectrum d) , we tend to relate the residual CO oxidation activity to the residual Au n + sites.
Conclusions
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